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EXPERIMENTAL EVALUATION OF NACELLE-AIRFRAME INTERFERENCE 


FORCES AND PRESSURES AT MACH NUMBERS OF 0.9 TO 1.4 
Daniel P. Bencze 
Ames Research Center 


SUMMARY 


Detailed interference force-and-pressure data were obtained on a repre- 
sentative supersonic transport wing-body-nacelle combination at Mach numbers 
of 0.9 to 1.4. The basic model consisted of a delta wing-body aerodynamic 
model with a length of 158.0 cm (62.2 in.) and a wingspan of 103.6 cm (40.8 in. 
and four independently supported nacelles positioned beneath the model. The 
aerodynamic model was mounted on a six-component force balance and the left- 
hand wing was pressure instrumented. Similarly, each of the two right-hand 
nacelles was mounted on a six-component force balance housed in the thickness 
of the nacelle, while each of the left-hand nacelles was pressure instrumented. 
The nacelle support system provided the flexibility of varying the nacelle 
positions relative to the wing-body and to each other and controlling the mass 
flow through each nacelle. 

The experimental program was conducted in the Ames 11- by 11-Foot Wind 
Tunnel at a constant unit Reynolds number of 9.8xl0 6 /m (3. 0xl0 6 /f t) . The 
primary variables examined included Mach number, angle of attack, nacelle 
position, and nacelle mass-flow ratio. Four different configurations were 
tested to identify various interference forces and pressures on each component. 
These included tests of the isolated nacelle, the isolated wing-body combina- 
tion, the four nacelles as a unit, and the total wing-body-nacelle combination. 
Nacelle axial location, relative to both the wing-body and to other nacelles 
was the most important variable in determining the net interference among the 
components i Under the most favorable conditions, the net interference drag 
was equal to 50 percent of the drag of the four isolated nacelles at M = 1.4, 
75 percent at M = 1.15, and 144 percent at M = 0.90. The overall interfer- 
ence effects were found to be rather constant over the operating angle-of- 
attack range of the configuration. The effects of mass-flow ratio on the 
interference pressure distributions were limited to the lip region on the 
nacelle and the local wing surface in the immediate vicinity of the nacelle 
lip. The net change in the measured interference forces resulting from vari- 
ations in the nacelle mass-flow ratio were found to be quite small. 

Where applicable, comparisons were made with two available theoretical 
predictions; these included the equivalent body approach and a limited flow- 
field analysis based on the MOC. Although neither approach resulted in 
exceptional agreement with the measured results, both predicted the general 
trends and magnitude of the interference forces fairly well. The flow-field 
analysis, using the M.O.C. to predict the interference pressure distribution 
on the wing-body, yielded reasonable results at M = 1.4. 



INTRODUCTION 


To achieve a substantial increase in cruise speed of current subsonic 
transport aircraft, but avoid the overpressures associated with supersonic 
transport aircraft in the M = 2.0 to 3.0 range, recent efforts have been 
devoted to exploring the feasibility of a low supersonic transport aircraft 
which does not produce a noticeable overpressure at ground level (ref. 1). 

This is accomplished by taking advantage of the vertical temperature gradient 
in the atmosphere. Under the correct conditions, the cruise Mach number of an 
aircraft evaluated in terms of local speed-of-sound at ground level can be 
subsonic, although the cruise Mach number at altitudes is supersonic. Thus, a 
distinct shock wave cannot exist at ground level, eliminating the correspond- 
ing overpressures. The cruise Mach numbers for such aircraft vary from 
slightly greater than 1.0 to approximately 1.25 depending upon the exact atmo- 
spheric conditions. Furthermore, transport aircraft with high supersonic 
cruise Mach numbers could also fly within this Mach number range to eliminate 
the sonic boom problem while flying over populated areas. 

Due to the inherently high drag and large interference effects associated 
with this range of cruise Mach numbers, the design of an efficient aircraft 
is critically dependent upon the integration of the various components. This 
is particularly true for the propulsion system design and integration, since 
the installed drag of the propulsion system must be included in the selection 
of the engine cycle to yield the most efficient aircraft. Preliminary studies 
(ref. 2) of the aerodynamic interference between the propulsion systems and 
airframe for a low supersonic transport have indicated that proper integration 
of the propulsion system can reduce the installed drag to less than one-half 
of the isolated propulsion system. 

Presently, the aerodynamic analyses of the installation and integration 
of the propulsion system for such aircraft rely upon the equivalent body 
approach (ref. 3) or on limited flow-field analyses (refs. 2,4). The use of 
these methods has been substantiated (refs. 3,4) at the higher supersonic 
Mach numbers, however, little information is available at transonic and low 
supersonic Mach numbers. Therefore, an experimental program was formulated 
to obtain detailed interference data on a representative transport over this 
Mach number range. The principal objectives of this program were to evaluate 
the performance penalties associated with the propulsion system installation 
and operation and to acquire detailed force and pressure data to be used for 
the evaluation of the analytical techniques. 

The wind-tunnel model consisted of a basic wing-body combination with four 
independently supported nacelles located beneath the model. Photographs of 
the model and support system installed in the Ames 11- by 11-Foot Wind Tunnel 
are shown in figures 1(a) and 1(b). Detailed force and pressure data were 
taken on both the wing-body combination and the individual nacelles. The 
primary variables were Mach number, angle of attack, nacelle position, and 
nacelle mass-flow ratio. The experimental program was conducted in the Ames 
11- by 11-Foot Wind Tunnel over a Mach number range of 0.9 to 1.4. The unit 
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Reynolds number was held constant at 9.8*10 6 /m (3.0xl0 6 /ft) over the Mach 
number range. 


MODEL AND INSTRUMENTATION 


Aero Model 

The aerodynamic force model consisted of a delta wing-body combination. 
The general configuration is shown in figure 2, and was designated WB. The 
particular model was a 0.024-scale model of the final Boeing supersonic trans- 
port configuration (Boeing model SA1150) . This model was selected because of 
its availability and because the general configuration represented a possible 
candidate for the type of transport aircraft under consideration. Although 
this particular configuration was not designed specifically for the transonic 
and low supersonic Mach number range, the large, highly contoured wing pro- 
vided an ideal configuration for the investigation of detailed nacelle/wing 
interference forces and pressures. 

The model had an overall length of 158.0 cm (62.2 in.) and a wingspan of 
103.64 cm (40.8 in.). The wing is basically a delta wing with a leading-edge 
sweep of 50.5° and an inboard leading-edge extension with a sweep of 75.0°. 

The reference wing area and root chord are 0.412 m 2 (4.435 ft 2 ) and 71.99 cm 
(28.34 in.), respectively. The camber, twist, and thickness distribution 
were designed for a cruise Mach number of 2.7. The wing coordinates are 
tabulated in tables 1 and 2 and a detailed description of the wing and overall 
configuration is given in reference 5. To shorten the required nacelle sup- 
port system (described in a later section) , the horizontal and vertical tails 
were removed and the fuselage terminated at X = 170.18 cm (67.0 in.) for this 
test . 


The model was supported by a six-component internal strain-gage balance. 
The moment center was located on the centerline of the model at X = 134.44 cm 
(52.92 in.) and at Z = 12.80 cm (5.04 in.), which corresponded to 62 percent 
of the reference root chord. The left-hand wing was modified to incorporate 
126 static pressure orifices; 95 on the lower surface and 31 on the upper 
surface. The orifice locations are described in figure 3. 


Nacelles 

Two different nacelle geometries were tested and are described in 
figure 4. The basic nacelle configuration, designated N j , was designed to 
produce low drag at low transonic Mach numbers while yielding a predictable 
flow field in the supersonic Mach number regime. The Nj nacelle employed a 
sharp inlet lip and relatively long inlet and nozzle lengths which were equal 
to twice the inlet and nozzle diameters, respectively. The overall nacelle 
size was derived by using the engine and nacelle sizing procedures outlined in 
reference 6, and by assuming an engine bypass ratio of one and a cruise lift- 
to-drag ratio of 10, at a lift coefficient of 0.3. The nacelle had a capture 
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diameter of 4.32 cm (1.70 in.), a maximum diameter of 6.44 cm (2.54 in.), and 
a length, L, of 26.77 cm (10.54 in.). The external nacelle contours were 
defined using the following expressions for the forward and aft nacelle sec- 


tions : 


and 
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0 < x < x R 

max 


x R < x < L' 
max 


-where L' is the theoretical nacelle length, equal to 28.76 cm (11.32 in.). 
The exponents were dictated by the initial cowl and final boattail angles. 

The initial external cowl angle, S c , was selected to be the minimum value 
that would provide adequate nacelle thickness at the compressor face, while 
the final boattail angle, 6g, was taken to be the average of the angles cor- 
responding to conical and circular arc boattails. The specific values indi- 
cated in figure 4 for the N 1 nacelle were 6 C = 6.14° and Sg = 9.74°. To 
adequately support the nacelle while maintaining an unrestricted flow passage 
through the nacelle and support sting, the aft end of the nacelle was modified 
as illustrated in figure 4. 


The second nacelle geometry, designated N 2 , incorporated a slightly blunt 
lip as being more representative of an actual nacelle, reflecting the require- 
ment for subsonic operation. The contours of the forward section of the N 2 
nacelle (0 < x < X R^ ) corresponded to the NACA 1 series contours (ref. 7), 

with the cowl length X and cowl thickness Y equal to 19.49 cm (7.67 in.) 
and 0.98 cm (0.39 in.), respectively. The maximum diameter and aft portion 
of N 2 were identical to The overall nacelle contours are listed in 

figure 4. 


Of the four individual nacelles supported beneath the wing-body model, 
the two on the left-hand side (looking upstream) were pressure instrumented 
and the two on the right-hand side were mounted individually on separate six- 
component internal strain-gage balances. Each of the pressure instrumented 
nacelles had 48 static-pressure orifices located in four rows equally spaced 
around the nacelles. Nacelle Nj had 40 orifices on the external surface and 
8 orifices located internally, while nacelle N 2 had 36 orifices located exter- 
nally and 12 internally. The specific locations of the orifices are presented 
in figure 5. 

The six component force balances used to support the right-hand nacelles 
were housed in the thickness of each nacelle. The balance is basically a two- 
shell flow-through force balance using four instrumented flexures located 90° 
apart at two axial locations, for a total of eight flexures. A schematic 
showing the balance installed within the contours of the Nj nacelle is 
presented in figure 6. The moment center for each nacelle was located on the 
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centerline at x = 14.21 cm (5.59 in. ) • The balance was intended to measure 
only the aerodynamic forces on the external surface of the nacelle, however, 
for mechanical reasons it became necessary to include the aerodynamic forces 
on the initial 5.84 cm (2.30 in.) of the internal surface, as indicated in 
the schematic. This necessitated an additional balance correction which is 
discussed in a later section. To prevent flow through the balance cavity, 
thus ensuring a uniform pressure throughout the balance cavity, the metric and 
nonmetric components were bridged by a flexible rubber seal. The seal and its 
installation are detailed in figure 6. The seal was designed to produce neg- 
ligible interference over the operating range of the balance and the expected 
pressure ratios across the seal. This was confirmed through detailed calibra- 
tions of the balance/seal combination with pressure ratios across the seal in 
excess of 3.0. To provide the necessary base area corrections for each 
nacelle, the pressure on the flow side of the seal were measured, as were the 
pressures in the forward and aft balance cavities. The pressure instrumenta- 
tion is outlined in figure 6 and the balance corrections are described in the 
data reduction section. 


Nacelle Support System 


The nacelle support system was designed to independently support four 
nacelles beneath the wing-body combination while providing the flexibility of 
positioning the nacelles relative to both the wing-body combination and to 
each other. The support system also provided for the independent control and 
measurement of the mass flow through each nacelle. A schematic of the nacelle 
support system is presented in figure 7 and, as indicated earlier, figure 1(b) 
is a photograph of the support system mounted in the Ames 11- by 11-Foot Wind 
Tunnel . 

The major components of the nacelle support system consisted of the main 
cross support, four vertical support and positioning units, and four flow- 
through nacelle stings and flow metering units. Eleven independent drives 
provided a three-dimensional nacelle positioning capability. These included 
two lateral drives which positioned the inboard and outboard nacelle pairs 
symmetrically about the vertical centerline. Four vertical drives were used 
to control the vertical position of the four nacelle stings. The axial posi- 
tion of each nacelle was controlled by two independent axial drive units. 
First, the main axial drive controlled the position of the main cross support 
and, hence, the position of all four nacelles as a single unit. Second, each 
nacelle sting had its own individual drive unit which allowed the position of 
each nacelle to be varied relative to the other three nacelles. Of the eleven 
drives, all were remotely controlled, except the four vertical drives which 
were manually operated. The maximum travel of each drive, relative to its 
midposition, is summarized in table 3 and the range of achievable nacelle posi 
tions, in the coordinate system of the wing-body model, is presented in 
table 4. A schematic drawing of possible nacelle positions is shown in 
figure 8. 
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Incorporated into each nacelle sting was a mass-flow control plug and 
appropriate pressure instrumentation to measure the flow through each nacelle. 
Each plug was remotely controlled. The pressure instrumentation consisted of 
a 16-tube total pressure rake (4 radial rakes, 4 probes per rake) and 4 exit 
static pressure orifices in each nacelle sting. The mass-flow characteristics 
of each nacelle sting were determined through static calibrations prior to 
installation in the wind tunnel. A final calibration was performed in the 
wind tunnel to account for the actual flow conditions at the flow exits. 


DATA REDUCTION 


Standard data reduction procedures were used to obtain the basic force 
and pressure data. The corrections applied to the nacelle balance forces, 
however, are dependent on the installation and require further discussion. 

Five separate corrections were applied to the measured nacelle axial-force 
balance readings to obtain the final aerodynamic data. The corrections, 
outlined in detail in table 5, included the pressure forces within the forward- 
and aft-balance cavities, on the forward lip cavity, across the balance seal, 
and the skin friction on the internal nacelle lip. The areas associated with 
each of these forces are identified in figure 6, and the specific values are 
given in table 5. The cross-sectional area associated with the forward- and 
aft-balance cavity forces and the forward lip forces were based on the physical 
geometry of the nacelles. The seal force was obtained through a calibration 
of the nacelle-balance system. The skin friction on the internal section of 
the nacelle from the lip to the seal was based on the average turbulent skin 
friction for this length. The skin- friction coefficient was calculated using 
the following relationship taken from reference 8: 


0.455 


1050 


c ; 


(iog,„ y .) 2 - 58 \i 

' lip' 


lip 


sf 


1.0 + r' Y M?. 

2 lip 


( 1 ) 


where Ri 


«np and “up 


are the local values of Reynolds number and Mach number 


over the internal nacelle lip. The recovery factor, r ? , was taken to be 0.85. 
The term 1050 /Rn^^ is a correction factor accounting for the initial laminar 

portion of the boundary layer. Typical values of these nacelle balance cor- 
rections, in terms of an axial-force coefficient as a function of nacelle 
mass-flow ratio, are presented in figure 9 for M = 0.98, 1.15, and 1.4. 

These corrections are subtracted from the balance axial-force coefficient to . 
obtain the net nacelle-axial-force coefficient, which is also shown in 
figure 9 for reference. The dominant correction is the forward lip correction. 
The forward- and aft-balance cavity corrections tend to cancel each other, 
with their sum representing the base area correction associated with the 
clearance between the nacelle and support sting. The seal correction repre- 
sents the other significant correction, while the skin friction correction is 
small and has little dependence upon the inlet mass-flow ratio. 
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It should be noted that, at M = 1.4, the discontinuity in the balance 
corrections at a mass-flow ratio of 1.0 is associated with the transition from 
local supersonic flow within the nacelle duct to subsonic flow. 


TEST PROCEDURES 


To ensure a turbulent boundary layer over the wing-body combination and 
nacelles, boundary-layer transition strips were applied to each of these com- 
ponents. The strips consisted of glass beads with a diameter range of 
0.0119 to 0.0142 cm (0.0049 to 0.0058 in.). The transition strips, each 
0.159 cm (0.0625 in.) wide, were located on the fuselage 3.71 cm (1.5 in.) 
downstream of the nose, on the upper and lower surfaces of the wing 1.91 cm 
(0.75 in.) behind and parallel to the wing leading edge, and on the nacelles 
2.54 cm (1.00 in.) downstream of the nacelle lip. Sublimation tests using 
fluorene (C 13 H 10 ) were conducted which validated that the boundary layer was 
tripped at the transition strip. Since only incremental results describing 
the interference forces and pressures were of interest, no attempt was made 
to establish or correct the results for the grit drag caused by the transition 
strips. 


CONFIGURATIONS 


To identify the various interference forces and pressures, tests of four 
different configurations were required. These included tests of the isolated 
nacelle, the isolated wing-body combination, the four nacelles as a unit, and 
the combination of the four nacelles and the wing-body. 

The isolated nacelle forces and pressures were obtained by testing the 
two outboard nacelles with the two inboard nacelles and nacelle stings 
removed. To eliminate or minimize any interference between these two nacelles, 
they were positioned at their maximum outboard positions and staggered rela- 
tive to each other. A maximum separation distance of 72.2 cm (24.5 in.) 
laterally and 20.3 cm (8.0 in.) axially was achieved. To determine whether 
the downstream nacelle was interfering with the upstream nacelle, force data 
were taken on the upstream nacelle as the position of the downstream nacelle 
was varied. The effects of the position of the downstream nacelle on the 
lift, drag, and pitching moment of the upstream nacelle are shown in figure 10 
for the range of Mach numbers tested. The results are presented in terms of 
the increments in these forces relative to those measured with the downstream 
nacelle in its most aft position. Only at M = 0.98 do any interference 
effects appear noticeable on the upstream nacelle when the downstream nacelle 
is in its most aft position. In this case, it appears the axial force is 
reduced slightly as a result of the compression generated by the downstream 
nacelle impinging on the aft section of the upstream nacelle. 

To accurately determine the interference effects between the wing-body 
and the nacelles, there must be no appreciable interference between the 
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nacelle support system .and the wing-body combination that could be interpreted 
as aerodynamic interference between the components of interest. To assess 
the effects of the nacelle support system on the wing-body forces, the wing- 
body combination was tested with the nacelle support system mounted behind 
the model, but with all four nacelles and nacelle stings removed. The effects 
of the support system position on the wing-body lift, drag, and pitching 
moment at zero angle of attack are shown in figure 11 for the range of Mach 
numbers tested. For M > 1.10, the support system has very little effect for 
support positions corresponding to nacelle positions greater than 
x ma = 111.76 cm (44 in.). For nacelle positions further forward than this, 
the interference effects of the support system become quite large. At 
M = 0.98, the interference effects of the support system are significant over 
the entire range of support positions, while at M = 0.90, the interference 
effects are minimal only at the extreme aft position of the support system. 

The effects of the nacelle support system position on the overall longitudinal 
aerodynamic characteristics of the wing-body combination are shown in 
figure 12 for M = 1.4 and 1.15. At M = 1.4, the longitudinal characteristics 
are essentially independent of the position of the support system, while at 
M = 1.15, the support system significantly alters these characteristics when 
positioned at its most forward location, X ma = 10.16 cm (40 in.). In any area 
where the interference effects of the support system on the wing-body are 
significant, the. data associated with these positions are judged questionable 
and hence, are not presented. 

The actual interference data were obtained using the last two configura- 
tions: the four individual nacelles as a unit and the combination of the 

four nacelles and the wing-body. Photographs of these two configurations are 
presented in figure 1. Tests of the four individual nacelles identified the 
mutual nacelle/nacelle interference effects, while the final wing-body-nacelle 
configuration yielded the mutual wing-nacelle interference. A list of the 
specific configurations tested and their designations are given in table 6. 


RESULTS AND DISCUSSIONS 


The results have been divided into the following four major areas: 

(1) the isolated nacelle characteristics, (2) the isolated wing-body charac- 
teristics, (3) the nacelle-nacelle interference, and (4) the wing-body-nacelle 
interference. In each area, the effects of Mach number, angle of attack, 
nacelle mass-flow ratio, and relative position of the various components on 
both the force and pressure data are presented. In addition, where applicable, 
limited comparisons are made with various theoretical predictions of the inter- 
ference forces and pressures. A more complete documentation of the actual 
wind-tunnel data is contained in references 9 and 10. 


Isolated Nacelle Characteristics 


The effects of nacelle mass-flow ratio on the nacelle drag coeffi- 
cients of the N 1 and N 2 nacelles are presented in figure 13 for the range of 
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Mach numbers tested. The drag coefficient presented here represents the net 
force on the external surface of the nacelles. However, in the case of the 
N 2 nacelle, it also includes the pressure force on the internal cowl lip. 

This latter force is not present on the Nj nacelle, since this nacelle has 
essentially a sharp lip, and, hence, has no internal cowl lip area. Both 
nacelles produce considerable cowl suction at lower mass-flow ratios, thereby 
reducing the drag of the nacelle. Generally, this reduction in nacelle drag 
with reduced mass-flow ratio increases with decreasing Mach number. At sub- 
sonic Mach numbers and at low mass-flow ratios, the net drag on the nacelles 
is negative which actually represents a thrust on the nacelle surface. Using 
these data and the procedure outlined in reference 11 to calculate the addi- 
tive drag, the net spillage drag for the Nj nacelle was obtained and is 
presented in figure 14. This net spillage drag is equal to drag on the 
nacelle itself, plus the additive drag minus the drag at a reference mass- 
flow ratio, which, in this case, was chosen to be 1.0. For the lower Mach 
numbers, the drag at a mass-flow ratio of 1.0 was obtained by extrapolating 
the available data, presented in figure 13, to a mass-flow ratio of 1.0. In 
terms of the actual spillage drag, the drag of the nacelle is always positive. 
The increase in drag with reduced mass-flow ratio is less at the lower Mach 
numbers, reflecting the lower additive drag and the greater levels of cowl 
suction that exist at these lower Mach numbers. Comparable spillage drag 
results were not computed for the N 2 nacelle because the location of the 
stagnation point on the nacelle lip was not precisely known and comparable 
additive drag results could not be computed. 

The reference drag, defined to be the drag of the nacelle at a mass-flow 
ratio of one and associated with the spillage drag for the nacelle, is 
presented in figure 15 as a function of Mach number. These results are com- 
pared to various theoretical predictions of the nacelle drag. The nacelle 
skin friction drag was computed by assuming turbulent flow over the entire 
nacelle. The skin-friction coefficient was obtained from the formulation 
given in reference 12. Three predictions for the nacelle wave drag are given. 
The method of characteristics results were obtained from the computer program 
described in reference 13. Since this approach required that the entire flow 
field be supersonic, only predictions at the high Mach numbers were obtained. 
The equivalent-body results were obtained by the method described in refer- 
ence 3, while the results based on the small-disturbance technique were 
obtained from a computer program based on the analysis of reference 14. At 
the higher Mach numbers, the best agreement between the predicted and measured 
values is obtained from the method of characteristics. At the lower super- 
sonic Mach numbers, the small-disturbance technique yields the better agree- 
ment. In addition, the results based on the small-disturbance approach 
reflect the overall trends with Mach number better than those based on the 
equivalent body approach. 

The nacelle surface pressure distributions for the Nj nacelle over the 
Mach number range tested are given in figure 16, in terms of the average pres- 
sure coefficient along the length of the nacelle. These data correspond to 
the highest mass-flow ratios achievable at each Mach number. The specific 
mass-flow ratio for each Mach number is noted in the figure. Applicable 
theoretical predictions from the method of characteristic and the 
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small-disturbance technique are also presented. The pressure distributions 
are similar at all Mach numbers. The initial compression on the forward por- 
tion of the nacelle is followed by a slow expansion to a nearly constant pres- 
sure at the maximum diameter. In all cases, a rapid expansion exists over the 
aft portion of the nacelle. At supersonic Mach numbers, the low-pressure 
region extends to nearly the trailing edge of the nacelle; while subsonicly, 
the presence of an embedded shock wave downstream of the maximum diameter of 
the nacelle is quite evident. At M = 1.4, fairly good agreement is achieved 
between the data and both theoretical predictions, with the small-disturbance 
approach giving slightly better results. However, better agreement between 
the measured and predicted levels of drag is achieved using the method of 
characteristics as illustrated in figure 15. This discrepancy is probably due 
to the combined inaccuracies involved in the prediction of both the skin- 
friction and wave-drag components, rather than a discrepancy between the wave 
drag calculated using either theoretical approach. At M = 1.15, agreement 
between the measured and predicted pressure distributions is slightly less 
than at M = 1.4. Over the forward portion of the nacelle, it appears that 
the flow separates from the cowl lip and then reattaches at approximately 
x/R c = 3.0. In addition, the expansion of the flow over the aft portion of 
the nacelle is delayed slightly relative to that obtained at the higher Mach 
numbers and from the theoretical predictions. 

The effects of mass-flow ratio on the N 1 nacelle surface pressure distri- 
bution at M = 1.4, 1.15, 0.98, and 0.90 are shown in figure 17. Reductions 
in mass-flow ratio cause a decrease in the local pressures on the forward 
section of the nacelle. This accounts for the decrease in drag with reduced 
mass-flow ratio illustrated in figure 13. At all Mach numbers, variations in 
m/m c affect only the surface pressure distributions on approximately the 
forward third of the nacelle, with little if any, effect on the aft two thirds 
of the nacelle. Similar results are shown in figure 18 for the N 2 nacelle. 

The internal pressures are also presented for the N 2 nacelle to help interpret 
the pressures in the region of the lip. Substantial negative pressures are 
generated in the region of the lip at the lower mass-flow ratios with a 
rather gentle recompression at all Mach numbers except at 0.90. In this case, 
the flow recompresses quite rapidly immediately downstream of the lip. This 
is reflected in the drag versus mass-flow characteristics of the N 2 nacelle 
that are presented in figure 13(b). Note, the slope of the drag versus mass- 
flow curve at M = 0.90 is slightly less than at the other Mach numbers. 

The longitudinal aerodynamic characteristics of lift, drag, and pitching 
moment of the Nj nacelle are shown in figure 19 for M = 1.4, 1.15, and 0.98. 


Isolated Wing-Body Characteristics 


As discussed in the test procedure section, the isolated wing-body com- 
bination was tested with the nacelle support system mounted behind the model. 
The longitudinal characteristics of the wing-body combination at M = 1.4 and 
1.15 were presented previously in figure 12 for various nacelle support system 
positions. In addition, the effects of the support system position on the 
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lift, drag, and pitching moment at nominally zero angle of attack are shown in 
figure 11. As noted earlier, in those areas where substantial interference 
exists between the support system and the wing-body combination, the data 
were judged questionable and are not presented. A summary of the longitudinal 
characteristics at M = 1.4, 1.15, and 0.90 are presented in figure 20 for 
the most aft position of the nacelle support system. 


Nacelle-Nacelle Interference 


The nacelle-nacelle interference drag characteristics are presented in 
terms of the net interference drag normalized by the corresponding isolated 
drag of the nacelles. For the individual nacelles, the interference drag is 
given by 
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The isolated drag of the N 1 and N 2 nacelles corresponded to the values at the 
maximum measured Imass-flow ratio as indicated in figures 13(a) and (b), 
respectively. 


The net interference drag among the four Nj nacelles as a function of the 
position of outboard nacelle relative to the inboard nacelle is presented in 
figure 21 for M = 1.4, 1.15, 0.98, and 0.90. A schematic showing the rela- 
tive positions of the nacelles is included in figure 21. The interference 
drag of the individual inboard and outboard nacelles, corresponding to the 
results in figure 21, are presented in figure 22. At M = 1.4, the net inter- 
ference drag among the four nacelles is small over the entire range of nacelle 
positions tested. The interference effects among the four nacelles increases 
considerably as the Mach number is decreased. The net interference drag at 
M = 1.15 is primarily unfavorable, while at M = 0.98 and 0.90, significant 
levels of favorable interference drag are achieved. Because of the possible 
interference effects of the tapered aft section of the inboard nacelle sting 
on the outboard nacelle, the data corresponding to the most aft nacelle posi- 
tions (maximum AX/R C ) for these two lower Mach numbers may be questionable. 

The increase in the interference drag with decreasing Mach number is more 
strongly illustrated in the interference characteristics of the individual 
nacelles, shown in figure 22. At all Mach numbers, the interference drag on 
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the inboard nacelle tends to be of one sign while the interference drag on the 
outboard nacelle tends to be of the opposite sign. The net interference drag 
of the four nacelles corresponds to one-half the sum of these two values. At 
M = 1.4, the interference drag on the inboard and outboard nacelles tend to 
cancel one another, resulting in little net interference drag among the four 
nacelles. The interference drag on the individual nacelles at the lower Mach 
numbers is quite large with the interference effects being generally highly 
favorable on the outboard nacelle and highly unfavorable on the inboard 
nacelle. For example, in the case of the outboard nacelle at M = 0.98, the 
most favorable interference occurs at AX/R C = 5.0 and corresponds to approx- 
imately 0.90 of the isolated nacelle drag. However, the unfavorable interfer- 
ence on the inboard nacelle is 0.66 of the isolated nacelle drag, yielding 
only a net favorable interference among all four nacelles equal to 
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- 0.12 


as indicated in figure 21. 


The interference pressure distributions associated with the force data 
presented in figures 21 and 22 on both the inboard and outboard nacelles at 
AX/R C = 0.0, 4.71, and 9.42 are shown in figures 23, 24, and 25, respectively. 
The results are presented in terms of the interference pressure coefficient 



where Cp is the local pressure coefficient and Cp ^ is the average 

isolated nacelle pressure presented in figure 16. Both the average interfer- 
ence pressure coefficient Cp and the individual interference pressure 
coefficients at 0=0°, 90°, 180°, and 270° are presented. To aid in inter- 
preting the interference pressure distributions, the corresponding distribu- 
tions of the local average interference drag coefficient 



r dr 

R dx 
c 


are presented in figure 26. These data were faired realizing the value of the 
local drag coefficient must be zero at the maximum diameter of the nacelles 
where 


^ = 0 at r~- = 9.02 
dx R 

c 

As the outboard nacelle is positioned farther aft of the inboard nacelle, 
the shift in both the local interference forces and pressures aft on the 
inboard nacelle and forward on the outboard nacelle is quite evident. In 
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addition, the influence of the large negative slopes on the aft portion of the 
nacelle is significant, as reflected by the fact that the local forces being 
generated in this region of the nacelle are larger than the local forces being 
generated on the forward portion. 

To assess how accurately these distributions of local drag coefficient 
represent the actual interference forces, these distributions were integrated 
over L. This required the data to be extrapolated to the forward and aft 
ends of the nacelle. These extrapolations are shown in figure 26. A compari- 
son of the interference forces obtained from the force measurements and from 
the integration of the average interference pressure distributions is 
presented in figure 27. Although, the quantitative agreement between the two 
is less than desired, there is a good qualitative agreement between the two 
results, which indicates that the distribution of the local interference drag 
coefficient fairly accurately represents the interference effects between the 
nacelles. The discrepancy between the two results is probably due to the 
rather coarse definition of the pressure distributions and to the extrapola- 
tions to the nacelle lip and trailing edge. In addition, any skin-friction 
drag variations caused by the interference effects are not reflected in the 
integration of the interference pressure distribution. 

The effects of nacelle lateral position on the nacelle-nacelle interfer- 
ence are illustrated in figure 28. The net interference drag of the four 
nacelles is presented as a function of the axial position of the outboard 
nacelles relative to the inboard nacelles for three different lateral nacelle 
positions. In general, the magnitude of the interference effects, both favor- 
able and unfavorable, tend to increase as the lateral separation of the inboard 
and outboard nacelles is reduced. This increase is due to both the change in 
position of the nacelles relative to the interference pressure field and the 
greater intensity of this pressure field near the generating body. 

To illustrate these effects more clearly and to generalize the results, 
the individual inboard and outboard nacell e interference drags are shown in 
figure 29 as a function of (AX - AY»4l 2 - 1)/R C . Here, AX is the axial 
distance and AY is the lateral distance of the outboard nacelle relative to 
the inboard nacelle. This presentation, which uses the Mach lines as a 
coordinate, eliminates the interference-force variations that result from 
changes in the position of the nacelles relative to the pressure field gener- 
ated by the adjacent nacelle on the same side of t he mode l. Variations in the 
interference drag at a constant value of (AX - AYvfa 2 - 1)/R C are then attrib- 
utable to variations in the intensity of the interference pressure field or to 
the interference effects of the nacelles on the opposite side of the model. 

At M = 1.4, the theoretical interference drag on a single nacelle based on an 
isolated nacelle pair is also presented for each of the three lateral posi- 
tions. The theoretical results were obtained from the M.O.C. program described 
in reference 13. The program was used to generate the pressure field at the 
nacelle location; this pressure distribution was then integrated over the 
surface of the nacelle to obtain the interference drag. The agreement between 
the data and the pr edicte d results is fairly good, especially for negative 
values of (AX - AY>4l 2 - 1)/R„. Under these conditions, the interference 

CO *— 

effects of the nacelles on the opposite side of the model are small or 
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nonexistent, thus the data essentially corresponds to the interference of an 
isolated nacelle pair and should agre e with the predicted results. For near 
zero and positive values of (AX - AYAl 2 - 1)/R C , there is more scatter in the 
data and less agreement with the analytical results. For these nacelle posi- 
tions, th e larg er variations in the interference forces at a constant value of 
(AX - AY/M 2 - 1)/R C are primarily due to variation in the intensity of the 
interference pressures as a function of lateral position, while the disagree- 
ment between the data and the predicted results is believed to result from the 
interference effects of the nacelles on the opposite side of the model. The 
variations in the intensity of the interference pressure field are illustrated 
in figure 30 in the form of the interference pressure distributions and the 
corresponding distributions of the local interference drag coefficient on the 
outboard nacelle. The results are shown for three lateral nacelle positions 
but for a nearly constant value of (AX - AYvM 2 - 1)/R C equal to approximately 
1.0. At the closer lateral spacings, the interference pressures, in terms of 
Cp^ are greater in both the positive and negative directions over the length 
of the nacelle. These greater interference pressures result in increases in 
the local drag coefficient and, ultimately, in higher levels of interference 
drag. As noted in figure 30, the actual interference drag obtained from the 
direct force measurements agrees well with the integration of the interference 
pressure distributions. Thus, these results illustrate that variations in the 
intensity of the interference flow field caused by variations in lateral 
nacelle separation can have a significant effect on the interference drag 
among the nacelles. 

The results at M * 1,15 follow the same general trend as the results at 
M = 1.4. However, because of the greater interference of the nacelles on the 
opposite side of the model at this lower Mach number, there is more scatter 
over the entire range of nacelle positions. The data a t M = 0.98 have been 
plotted in the same fashion, but assuming the term AYv^M 2 - 1 to be equal to 
zero. These results show the same characteristics as the higher Mach number 
data, but at greater magnitudes, especially in the region of favorable inter- 
ference. The effects of the variations in the intensity of the interference 
pressure field with lateral nacelle separation are also evident at M = 0.98. 

At the closer lateral nacelle spacings, both the favorable and unfavorable 
interference drag is greatest over the entire range of nacelle positions 
tested. As the lateral spacing is increased the interference effects are 
reduced in magnitude. 

Figure 31 presents a comparison between the measured and predicted nacelle- 
nacelle interference drag among the four nacelles at M = 1.4 and 1.15. At 
M = 1.4, both the equivalent body approach and the method of characteristics 
were used to predict the results, while at M = 1.15 only the equivalent body 
approach was applicable. The method of characteristics was used to predict 
the interference drag on each nacelle caused by the remaining three nacelles. 
Each nacelle pair analyzed was assumed to be an isolated pair and the effects 
of any intervening nacelle was neglected. Both methods predict the general 
magnitude and trends of the data. At M = 1.4, the results based on the 
M.O.C. appear to agree better with the test results than those based on the 
equivalent body approach. 
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By using the M.O.C. at M = 1.4, the interference pressure distribution 
on the nacelles can be estimated. Typical results are shown in figures 32 
and 33. These results were obtained by summing the individual interference 
pressure fields generated by each of the remaining three nacelles at the loca- 
tion of the nacelles being analyzed. Any intervening nacelles were assumed 
to be transparent to an intersecting pressure disturbance. In figure 32, the 
average interference pressure on the nacelles is compared to the analytical 
results, while figure 33 compares the corresponding individual interference 
pressures at 0=0°, 90°, 180°, and 270° to these predictions. In the case 
of the average interference pressures, the agreement between the two sets of 
results is fair. The measured pressure rises tend to be smeared out because 
of the averaging of the four pressures around the nacelle. Hence, the agree- 
ment in these areas tends to be the poorest. In the expansion region with 
the smaller pressure gradients, the agreement between the predicted and 
measured results is considerably better. By comparing the individual inter- 
ference pressures to the predicted results, the best agreement is obtained at 
the top and bottom of the nacelle (0 = 0° and 180°) where there is no reflec- 
tion of the pressure field or blocking of it by the nacelle itself. 

The effects of nacelle mass-flow ratio on the net interference drag of the 
four nacelles are shown in figure 34 for M = 1.4, 1.15, and 0.98 and the 
nacelle position indicated. The results are plotted as a function of the aver- 
age mass-flow ratio of the nacelles. The reduction in nacelle mass-flow ratio 
at all Mach numbers had little effect on the net interference drag of the four 
nacelles. The effects of mass flow changes, therefore, appear to be localized, 
affecting only the individual nacelles. 


Wing-Body-Nacelle Interference 


Force data — The overall longitudinal aerodynamic characteristics 
of the WBNjNj configuration are presented in figures 35, 36 and 37. For 
M = 1.4 and 1.15, the results are presented at two nacelle positions, 

X^ n = X Qut = 142.24 cm (56 in.) and 121.92 cm (48 in.), while the results at 
Mach number 0.9 are presented only at = X Qut = 142.24 cm (56 in.). The 

spanwise positions of the inboard and outboard nacelles were held fixed at 
y! = 0.25 and y^ = 0.55, respectively. In addition, the vertical positions of 
tfte nacelles were held constant; the centerlines of the inboard nacelles were 
located at Z = 6.20 cm (2.44 in.) and the centerlines of the outboard nacelles 
at Z = 7.67 cm (3.02 in.). In each case, data for the isolated wing-body, 
the wing-body in the presence of the nacelles, and the wing-body-nacelle 
combination are given to illustrate the various interference effects among 
the components. 

At M = 1.4 and 1.15, the presence of the nacelles at 
X^ n = X out = 142.24 cm (56 in.) results in a large reduction in drag and an 
increase in lift of the wing-body combination relative to the isolated char- 
acteristics. These results are maintained over the entire range of angle of 
attack and also remain fairly constant. The maximum L/D of the wing-body 
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combination in the presence of the nacelles is increased by an increment of 
approximately 1.5 at both Mach numbers, while the angle of attack at a con- 
stant lift coefficient is decreased by 0.5°. If the net forces on the four 
nacelles are included, however, the performance of the overall wing-body- 
nacelle configuration is reduced to a level below that of the isolated wing- 
body. At M = 1.4, the net reduction in maximum L/D between the isolated 
wing-body and the overall wing-body-nacelle combination is 0.7, and, at 
M = 1.15, it is 0.5. 

Based solely on isolated wing-body and nacelle characteristics, the cor- 
responding reductions in maximum L/D, as indicated in figures 35(a) and 
36(a), are 1.5 and 1.2 at M = 1.4 and 1.15, respectively. Since the measured 
loss in performance is considerably less than the estimated value based on 
isolated data, a significant amount of favorable interference exists among the 
wing-body combination and nacelles. 

With the nacelles moved forward to X^ n = X out = 121.92 cm (48 in.) the 
results, as indicated in figures 35 (b) and 36 (b) , are essentially reversed 
at M = 1.4 and 1.15. The presence of the nacelles increases the drag of the 
wing-body combination and results in a zero or slightly negative increment 
in lift. Thus, the maximum L/D of the wing-body combination in the pre- 
sence of the nacelles is reduced. At M = 1.4, the reduction in maximum L/D 
is 0.65, while at M = 1.15, the reduction is 1.0. As shown, including the 
nacelle forces, the maximum L/D of the overall wing-body-nacelle combination 
is reduced to a level considerably below the estimated value based on the 
isolated characteristics of the components. Furthermore, the incremental 
changes in maximum L/D associated with including the nacelle forces are 
greater than the corresponding reductions based on the isolated wing-body and 
nacelle characteristics. Therefore, at this nacelle position, both the inter- 
ference of the nacelles on the wing-body and the wing-body on the nacelles are 
unfavorable, resulting in significant reductions in overall performance. 

At M = 0.9 with the nacelles positioned at X^ n = X out = 142.24 cm 
(56 in.), the interference effects, as presented in figure 37, are similar 
to results for the forward nacelle position X^ n = X QUt = 121.92 cm (48 in.) 
at the higher Mach numbers. At maximum L/D, there is an unfavorable inter- 
ference effect of the nacelles on the wing-body combination. However, includ- 
ing the nacelle forces resulted in only a small reduction in maximum L/D, 
with the maximum value L/D of the wing-body-nacelle combination being 
greater than the estimated value based on the isolated component character- 
istics. Thus, there is considerable favorable interference of the wing-body 
combination on the nacelles under these conditions. 

The effects of nacelle position on the interference drag, lift, and 
pitching moments of the wing-body and wing-body-nacelle combination are shown 
in figures 38, 39, and 40 for M = 1.4, 1.15, and 0.90, respectively. The 
results presented are for zero angle of attack and with the inboard and 
outboard nacelles positioned at a spanwise location of y^ = 0.25 and 
Yq = 0.55, respectively. At M = 1.4 and 1.15, results are presented for 
three different values of stagger between the inboard and outboard nacelles: 
AX/R C = 0.0, 4.71, and 9.41, while at M = 0.9, only data at AX/R C = 0 are 
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presented. The wing-body interference corresponds to the interference on the 
wing-body caused by the presence of the nacelles, and the wing-body-nacelle 
interference corresponds to the net interference among all the components. 

Before discussing the aerodynamic characteristics of the data, it is 
appropriate to note that this configuration was also used to assess the inter- 
ference effects of the support system and to reduce the uncertainty associated 
with the presence of the support system. Because of the dual axial drive 
capability of the support system, which consisted of the main axial drive and 
the individual nacelle axial drives, it was possible to position the nacelles 
at a specific location relative to the wing-body model with different posi- 
tions of the main support system. This was done at all Mach numbers for 
AX/R C = 0. These results are also presented in figures 38, 39, and 40. 

The data represented by the open symbols correspond to the most aft 
position of the main axial drive and the most forward position of the nacelle 
delta axial drives that would yield the desired nacelle position. This 
configuration should produce the minimum support interference. Moving the 
main support system forward 10.16 cm (4 in.) while maintaining a constant 
nacelle position resulted in the data represented by the filled symbols. As 
indicated in figures 38 and 40, at M = 1.4 and 0.9, the change in position 
of the main support system has essentially no effect on the interference lift, 
drag, and pitching moment. At M = 1.15 (fig. 39), there is a small shift in 
the data at the forward nacelle positions, indicating the presence of an inter- 
ference effect resulting from the change in position of the main support 
system. However, the magnitude of these support interference effects are 
quite small. Therefore, the basic data with the support system in its most 
aft position, consistent with the desired nacelle position, is believed to be 
an accurate description of the true interference effects at these conditions. 

The actual interference drag as a function of nacelle position, as pre- 
sented in figures 38, 39, and 40, show similar characteristics at all the 
Mach numbers. At the aft nacelle positions, both the interference of the 
nacelles on the wing-body and the wing-body on the nacelles is favorable, 
resulting in a substantial level of favorable interference. The most favor^ 
able interference occurs with the nacelles abreast and located as far aft as 
possible. As the nacelles are moved forward, both of these interference com- 
ponents become unfavorable and produce a net unfavorable interference. By 
comparing the magnitude of the maximum favorable interference drag to the drag 
of four isolated nacelles, it was found that approximately 50 percent of the 
nacelle drag at M = 1.4 would be recovered under the most favorable condi- 
tions. At M = 1.15, the most favorable interference recovers approximately 
75 percent of the drag of the isolated nacelles, while at the subsonic condi- 
tion at M = 0.90, the most favorable interference exceeds the isolated drag 
of the nacelles, recovering 144 percent of the isolated nacelle drag. At the 
forward nacelle locations, the unfavorable interference is considerably 
greater than the most favorable interference and consistently represents a 
drag increment greater than the isolated drag of the nacelles. This is 
especially true at M = 0.9, where the greatest unfavorable interference 
represents a drag increment equal to 2.78 times the isolated drag of the 
nacelles . 


17 



The interference lift and pitching moment at M = 1.4 and 1.15 are com- 
parable in both magnitude and variation with nacelle position. At the aft 
nacelle positions, only the positive pressure field generated by the forward 
portion of the nacelle intersects the wing and creates a positive increment 
in lift and a negative increment in pitching moment. As the nacelles are 
moved forward, more of the positive pressure field intersects the wing and 
increases the positive lift and negative pitching moments. At the forward 
nacelle positions, the negative pressure field generated by the expansion of 
the flow over the aft section of the nacelles intersects the wing, and 
results in negative lift and positive pitching moment increments. At M = 0.90, 
the variations in the interference lift and pitching moment tend to be the 
reverse of those at supersonic Mach numbers. As the nacelles are moved for- 
ward from the most aft location, the interference lift decreases and the 
pitching moment increases. Apparently, at this subsonic Mach number, the flow 
accelerates in the area between the nacelles and lower wing surface and causes 
negative interference pressures rather than positive pressures generated under 
supersonic conditions. This is clearly illustrated in the pressure data which 
are presented in the following section. 

The interference drag, lift, and pitching moment of the wing-body com- 
bination on the individual inboard and outboard nacelle pairs are presented in 
figures 41, 42, and 43 for M = 1.4, 1.15, and 0.90, respectively. These data 
correspond to the overall results presented in the three previous figures. 

The sum of these interference forces on the inboard and outboard nacelle pairs 
represents the difference between the wing-body and wing-body-nacelle results 
shown in figures 38, 39, and 40. Generally, there is little difference 
between the forces on the inboard and outboard nacelles, although some differ- 
ences do arise at the more forward nacelle locations or when the nacelles are 
highly staggered. At the supersonic Mach numbers of 1.4 and 1.15, the inter- 
ference drag is almost entirely unfavorable, except at the most aft nacelle 
position where it becomes slightly favorable. The interference lift on the 
nacelles tends to be favorable over the range of nacelle positions and Mach 
numbers tested but is quite small and represents only approximately 1 percent 
of the estimated cruise lift coefficient of the vehicle at this Mach number. 

The methods available to predict these various interference forces are 
limited because of the complex nature of the flow field involved. The most 
conventional method employed is the equivalent body approach (ref. 3) which is 
basically a far-field analysis of the drag of the overall configuration. By 
analyzing various combinations of the components of the configuration, a pre- 
diction of the interference drag can be made. With this approach, the inter- 
ference drag at M = 1.4 and 1.15 was predicted; the predicted results are 
compared to the experimental results in figure 44. The interference drag was 
computed with and without the use of image nacelles to simulate the reflection 
of the interference flow field generated by the nacelles on the lower surface 
of the wing. Both sets of results are presented in figure 44. Generally, 
there is fairly good agreement between the predicted and measured values. 
However, which of the two theoretical predictions agree better with the data 
is not well defined. At M = 1.4, the results employing the image nacelles 
agree better with the data, while at M = 1.15, the results without the image 
nacelles appears to agree better, especially when the nacelles are staggered. 
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An alternate method of estimating . some of the interference forces is 
described in references 2 and 4. By utilizing the flow field generated by an 
isolated nacelle and a reflection plane to simulate the wing, this method is 
capable of predicting the interference lift, drag, and pitching moment on the 
wing-body combination resulting from the presence of the nacelles. The 
approach as described in reference 2, which uses the M.O.C. to generate the 
flow field of the isolated nacelle, the interference forces on the wing- 
body were computed and compared with the experimental results in figure 45. 
Fairly good agreement was obtained at all nacelle positions for each of the 
interference parameters: lift, drag, and pitching moment. Since the approach 

used here employed the M.O.C. , only those conditions with an entirely super- 
sonic flow field could be analyzed. Therefore, only the results at M = 1.4 
could be computed. 

Both the effects of nacelle spanwise position and the alternate nacelle 
contour, N 2 , were small relative to reference spanwise positions and the 
basic Nj nacelle contour. The effects of nacelle spanwise position are shown 
in figure 46 and the results with the N 2 nacelle contour are presented in 
figure 47, at M = 1.4 and 1.15. Both sets of results are presented in terms 
of the interference lift, drag, and pitching moment for AX/R C = 0 and com- 
pared to the basic results with the Nj nacelles positioned at spanwise loca- 
tions y^ = 0.25 and y^ = 0.55. As illustrated by these results, neither 
change had a significant effect on the interference forces. 

One area of concern regarding the operation of the propulsion system in 
this Mach number regime is the effects of nacelle airflow variations on the 
interference forces. To investigate this, the airflow through the nacelles 
was varied and the results are shown in figure 48 for M = 1.4, 1.15, and 0.90. 
The interference lift, drag, and pitching moment are shown as functions of the 
average mass-flow ratio of the nacelles. Both the wing-body and wing-body- 
nacelle data are presented. In determining the wing-body-nacelle interference 
drag, the drag of the isolated nacelle was evaluated at the average nacelle 
mass-flow ratio to eliminate the effects of reduced mass flow on the drag of 
the isolated nacelles. The data show very little effect of mass-flow ratio on 
any of the interference forces over the range of Mach numbers or nacelle posi- 
tions presented. The largest effect measured is in the interference lift at 
M = 1.4 for the nacelles positioned at X^ n = X QUt = 142.2 cm (56 in.). Under 
these conditions, the interference lift increases by 50 percent as the mass- 
flow ratio is decreased from the maximum value of approximately 78 percent. 
However, on an absolute basis, this increase represents only a 0.013 increment 
in lift coefficient or a 3- to 4-percent change in cruise lift coefficient. 

The overall trends of the interference forces with Mach number are shown 
in figure 49 for a number of nacelle axial positions. Generally, the inter- 
ference forces tend to increase, either favorably or unfavorably, as M is 
reduced from 1.4 to 1.0. As indicated earlier, the data taken near M = 1.0 
were questionable because of the interference effects of the support system 
and are not presented. The variations in the interference forces with Mach 
number, spanwise nacelle position, nacelle shape, and nacelle mass-flow ratio 
are not as great as the interference forces resulting from changes in the axial 
position of the nacelles, as illustrated in figures 38, 39, and 40. Therefore, 
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it appears nacelle axial position is the most significant variable in deter- 
mining the interference forces. 


Pressure Data — The interference pressure distributions on the lower 
surface of the wing-body combination and on the inboard and outboard nacelles 
at selected data points corresponding to the force data previously shown are 
presented in this section. The effects of Mach number, nacelle spanwise and 
axial position, angle of attack, and nacelle mass-flow ratio are presented. 

A summary of the interference pressure data showing the values of the primary 
variables and associated figure numbers is presented in table 7. 

By using the flow field analysis described in reference 2, which is 
| based on M.O.C. and a reflection plane, the interference pressure distribu- 
tions on the lower surface of the wing-body combination at M = 1.4 can be 
estimated. These results are compared to the experimental data in figures 50, 
52, 54, and 55 for various nacelle positions. The theoretical results 
described by the solid lines represent the net interference pressures, gener- 
ated by the nacelles, that can directly influence the lower surface of the 
wing-body without intersecting an intervening nacelle. The results described 
by the dashed line represent the net interference generated by all four 
nacelles, based on the assumption that any intervening nacelles were trans- 
parent to any pressure disturbance generated by an adjacent nacelle. In all 
cases, the net interference pressure was taken to be the algebraic sum of the 
interference pressures generated by the individual nacelles included in the 
analysis . 

For the results presented in figure 50 with the nacelles positioned aft 
at x in = x out = 142.2 cm (56 in.), only the nacelles on either side of the 
orifice row were capable of influencing the pressure at these locations. 

There is generally fair to good agreement between the theoretical and measured 
results, except in the region of the intersection of the shock waves and the 
wing surface. In this region, the boundary layer on the wing surface tends to 
smear out 1 the pressure rise at the shock wave. There is very little differ- 
ence between the interference pressure distributions at the two angles of 
attack. However, at the higher angle of attack, the measured shock position, 
as indicated by the initial pressure rise, tends to be farther forward than 
at zero angle of attack. This is probably because of the lower average Mach 
number that exists beneath the wing at the higher angle of attack. 

The individual nacelle-interference pressure distributions are shown in 
figure 51. The average interference pressures (averaged around the circum- 
ference) are shown in figure 51(a), and the individual interference pressures 
are presented in figures 51(b) and (c). The average pressure distributions 
are rather flat at both angles of attack, but do show a positive shift between 
zero and the higher angle of attack. This shift again illustrates the reduced 
Mach number or greater compression beneath the wing at the higher angle of 
attack. The detailed pressure distributions at the four circumferential loca- 
tions show greater variations than the average distribution and generally 
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follow the same characteristics found for this nacelle configuration under 
isolated conditions without the wing-body combination being present. These 
results were previously presented in figure 23. The higher angle of attack 
results in a net positive shift in the interference pressures, but does not 
appreciably change the shape of the pressure distribution. 

With the nacelles located farther forward at X^ n = X out = 121.9 cm 
(48 in.), the resultant interference pressure distribution on the wing-body, 
shown in figure 52, are considerably more complex. In all cases, at least 
three and, in one case, all four of the nacelles can affect the pressure 
distribution measured along any one row of orifices. In addition to the pres- 
sure rises resulting from the shock waves generated by the nacelles, the 
expansion of the flow around the aft end of the nacelles is strongly felt on 
the wing-body. The agreement between the theoretical and measured values is 
fairly good, particularly at zero angle of attack, which is the basic flow 
field being modeled. However, it is not clear whether it is appropriate to 
include the effects of the nacelles that can influence a particular area only 
after passing around an intervening nacelle. Obviously, the nacelles directly 
influencing a particular area dominate the interference pressure distribution, 
while those nacelles indirectly affecting the particular area result in much 
less of a perturbation of the pressure distribution. Furthermore, in some 
cases, the agreement between the theoretical and measured results is enhanced 
by including these indirect effects and, in others, it is not. The individual 
nacelle pressure distributions, shown in figure 53, exhibit considerably more 
variation along the nacelle length than when the nacelles were positioned aft 
at ^in = ^out ~ 142.2 cm (56.0 in.). The individual nacelle pressure distri- 
butions are dominated by the wing flow field and show little relation to the 
comparable nacelle pressure distribution measured without the wing-body com- 
bination present (fig. 23). 

The interference pressure distributions on the wing-body with the nacelles 
staggered are shown in figures 54 and 55. These results show similar agree- 
ment between the theoretical predictions and measured data, as in the previous 
cases. However, for these configurations, when the effects of the nacelles 
that indirectly affect the pressure distribution were included, there was a 
general improvement in the agreement between the theoretical and experimental 
results . 

The effects of nacelle spanwise location on the wing-body and nacelle 
interference pressures are shown in figures 56 and 57, respectively. The wing- 
body pressure distributions are comparable for all three spanwise nacelle 
positions. The small changes in the wing-body interference pressures reflect 
the relative proximity of the nacelles to the particular row of orifices. The 
nacelle interference pressures shown in figure 57 exhibit variations with 
nacelle spanwise position similar to those measured on the four nacelles tested 
without the wing-body combination present (fig. 23). For both the wing-body 
and nacelles, the greatest interference pressures are experienced when the 
inboard and outboard nacelles are at their closest position, which corresponds 
to the spanwise positions y!^ = 0.30 and y^ = 0.50. 

As indicated in figure 48, reducing the mass-flow ratio of the nacelles 
had little effect on the net interference forces. The wing interference 


21 



pressures also show a relatively small dependence on the nacelle mass flow 
ratio. Figures 58(a) and (b) present the wing-body interference pressures at 
two mass flows for the nacelles positioned at X^ n = X out = 142.2 cm (56 in.) 
and 121.9 cm (48 in.), respectively. In both cases, the only major change in 
the wing-body pressure distribution is in the region where the detached shock 
wave at the lower mass-flow ratio intersects the wing surface. Here, there is 
a large pressure rise which is generally followed by a rapid drop in pressure. 
However, outside of this change, the downstream pressure distributions at both 
mass-flow ratios are very similar and practically identical in many cases. 

This is essentially the same result found in the case of the isolated nacelles; 
namely, the effects of reduced mass-flow are concentrated locally only around 
the forward portion of the nacelles with very little effect on the aft section. 

The wing-body and nacelle interference pressure distributions at 
M = 1.15, comparable to the M = 1.4 data, are presented in figures 59 through 
67, and are outlined in table 7. As expected, the interference pressures are 
greater in magnitude and the pressure rises occur farther upstream at M = 1.15 
than at M = 1.4. Except for these two differences, the same general charac- 
teristics are exhibited in the data at these two Mach numbers. 

A limited amount of subsonic data at M = 0.90 is presented in figures 68 
through 72 and is outlined in table 7. Only the wing-body and nacelle inter- 
ference pressures at X^ n = X out = 142.2 cm (56 in.) and 121.9 cm (48 in.) are 
shown along with the wing interference pressures at a reduced mass-flow ratio 
with the nacelles located at X^ n = X out = 142.2 cm (56 in.). Subsonically , 
with no shock waves present to create rapid pressure changes, the interference 
pressure distributions are much smoother and extend further upstream. This is 
quite obvious in figure 68, which shows the wing interference pressures with 
the nacelles located at X^ n = X out = 142.2 cm (56 in.). As found earlier and 
as illustrated in figure 69, the higher angle of attack produced essentially 
a net shift in the nacelle interference pressure distribution. In this 
case, onlyj the portion of the nacelle located forward of the wing trailing 
edge at X = 163.0 cm (64.2 in.) was affected by the change in angle of attack 
and is reflected in the net shift in the nacelle interference pressure 
distribution. The pressure distribution on the portion of the nacelle aft 
of the wing trailing edge shows very little dependence on the angle of 
attack. The wing pressure distributions at a reduced nacelle mass-flow 
ratio are shown in figure 72 and exhibit a large negative pressure peak 
immediately downstream of the nacelle lip. This is apparently because of the 
expansion of the flow around the nacelle lip at this reduced mass-flow ratio. 


SUMMARY OF RESULTS 


The effect of Mach number, angle of attack, nacelle position, and nacelle 
mass-flow ratio on the net interference forces and pressures on a representa- 
tive delta wing-body-nacelle combination are presented. By using the equiva- 
lent body approach and a limited flow-field analysis based on the method of 
characteristics, comparisons are made between the predicted and measured 
interference forces and pressures. Of all the variables studied, the nacelle 
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axial position, relative to the wing-body combination, had the greatest effect 
on the overall interference forces. With the most favorable nacelle axial 
position, the net interference drag was favorable and recovered 50 percent of 
the drag of the four isolated nacelles at M = 1.4, 75 percent at M = 1.15, 
and 144 percent at M = 0.9. In contrast, at the most unfavorable nacelle 
position, the net interference drag was highly unfavorable and resulted in a 
drag increase corresponding to 102 percent of the drag of the four isolated 
nacelles at M = 1.4, 129 percent at M = 1.15, and 278 percent at M = 0.9. 

The net interference drag was approximately equally divided between the inter- 
ference of the nacelles on the wing-body and the wing-body on the nacelles. 

The net interference drag was most favorable when both components were favor- 
able, while the opposite was true for the unfavorable interference. The 
interference lift was generally positive over the range of Mach numbers and 
nacelle positions tested, with the most favorable lift interference corre- 
sponding to approximately 10 percent of the cruise lift coefficient. The 
interference forces remained fairly constant over the operating angle of attack 
range of the configuration. Variations in nacelle mass-flow ratio were found 
to have very little effect on the net interference forces on the four nacelles 
as a unit or on the wing-body-nacelle combination. Based on the interference 
pressure distributions on the wing-body, the effects of reduced mass-flow 
ratio were essentially limited to the forward third of the nacelle and the 
wing surface in the immediate vicinity of the nacelle lip. 

The predicted results based on both theoretical approaches agreed fairly 
well with the measured data. Although neither approach produced exceptional 
agreement, both predicted the magnitude and variations of the interference 
forces with nacelle position reasonably well. According to the limited flow- 
field analysis, the interference pressure distributions predicted agree with 
the measured values. Because of the wing boundary layer, the agreement was 
better in the expansion regions than in the compression regions that corre- 
spond to the shock-wave impingements. Comparisons between the measured and 
predicted interference pressure distributions indicated the nacelles directly 
adjacent to the measured pressures dominated the pressure distribution. How- 
ever, the comparisons did not clearly identify the necessity of including the 
effects of those nacelles not directly adjacent to the measured pressures in 
the definition of the theoretical pressure distributions. 


Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, California 94035, August 4, 1976 
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TABLE 1.- WING PLANFORM 


Y/(b/2), 

1 


Chord 

Z ie 

a 

Z te 

percent 

cm 

in. 

cm 

in . 

cm 

in. 

cm 

in. 

0 

0 

0 

101.30 

39.88 

-1.440 


-0.749 

-0.295 

9.80 

5.08 

MEM 

81.79 

32.20 

-1.918 


.097 

.038 

19.61 

10.16 

isf 

64 . 16 

25.26 

-1.684 


.914 

.360 

29.41 

15.24 

■89 

54.46 

21.44 

-.673 

-.265 

1.758 

.692 

39.22 

20.32 

8.0 

47.60 

18.74 

-.157 

-.062 

.2.139 

.842 

49.02 

25.40 

10.0 

41.20 

16.22 

.112 

.044 

2.032 

.800 

58.82 

30.48 

12.0 

35.05 

13.80 

.216 

.085 

1.750 

.689 

68.63 

35.56 

14.0 

28.83 

11.35 

.234 

.092 

1.415 

.557 

78.43 

40.64 

16.0 

22.71 

8.94 

.244 

.096 

1.153 

.454 

88.24 

45.72 

18.0 

16.43 

6.47 

.259 

.102 

.864 

.340 

98.04 

50.80 

20.0 

9.09 

3.58 

.224 

.088 

.635 

.250 


a 


z 


measured relative to the wing design plane at 


Z = 11.89 cm (4.68 in.). 
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TABLE 2.- WING THICKNESS DISTRIBUTION - z/c, percent 
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measured normal to local chord line. 




cy ft 


TABLE 3.- RANGE OF TRAVEL OF THE NACELLE DRIVES 


Drive Range relative to midposition 


Inboard lateral 0 ^ 

±5. 

33 

cm 

(±2. 

10 

in, 

.) 

Outboard lateral 

±5. 

33 

cm 

(±2. 

10 

in , 

) 

Vertical 

±6 . 

35 

cm 

(±2. 

50 

in . 

) 

Main axial 

±15. 

24 

cm 

(±6. 

00 

in, 

) 

Delta axial 

±10. 

16 

cm 

(±4. 

00 

in. 

.) 

?0utboard lateral drive 

at outboard 

limit . 




Inboard lateral drive at inboard limit. 


TABLE 4.- RANGE OF NACELLE POSITIONS RELATIVE TO MODEL COORDINATES 


Position 


Range 


Inboard lateral a . 
Outboard lateral 
Vertical 
Axial e 


10.36 cm 
20.42 cm 
-5.00 cm 
101.60 cm 


(4.08 in.) < Y < 21.03 cm (8.28 in.) 
(8.04 in.) <. Y < 31.09 cm (12.24 in.) 
(-1.97 in.) < Z < 7.70 cm (3.03 in.) 
(40.0 in.) < X < 152.40 cm (60.0 in.) 


Outboarc 

Inboard 

-i 

'Maximum 


( 8.0 


lateral drive at outboard limit, 
lateral drive at inboard limit. 

axial separation of any two nacelles limited to 20.32 cm 
in . ) . 
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TABLE 5.- NACELLE BALANCE CORRECTIONS 


Correction 0 

Symbol 

Equation 

Aft balance cavity 

f 

C A 

ac 

-(p - p ) A /qA 

*ac °° ac n c 

Forward balance cavity C' 

A fc 

(p £ - p ) A r /qA 

fc °° fc c 

Lip cavity 

v 

lip 

(P lip - P »> A lip /qA c 

Seal 

seal 

(p fc " P lip ) A si + (p fc " p lip )2 A S2 


> 

n 

Skin friction 

c* 

0. W/ (io Sl0hi J.se^ 10Wgti J^ 

A sf 

1.0 + jo. 85 [ (y - 1)/2]M 2 } A c 

' lip’ 

Total 

C A 

total 

c’ + c' + c' + c' + c' 

A A r A- . A - A 

ac fc lip seal sr 

Constants : 



A = 6.187 cm 2 
ac 

(0.959 in. 2 ) 


A c = 7.361 cm 2 
fc 

(1.141 in. 2 ) 


A,-. = 3.645 cm 2 

lip 

(0.565 in. 2 ) 



A n = 5.206x10 3 cm 2 (0.807x10" 3 in. 2 ), inboard 

o 1 

7.703xl0~ 3 cm 2 (1.194xl0 -3 in. 2 ), outboard 


Ag2 = 1.59x10" 11 cm 4 /dyne (0.17xl0~ 6 in.^/lb), inboard 
2. 81x10" 11 cmVdyne (0.30xl0~ 6 in.Vlb), outboard 

A , = 79.245 cm 2 (12.283 in. 2 ) 
sr 

a Balance correction subtracted from nacelle balance axial force. 
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TABLE 7.- WING-BODY-NACELLE PRESSURE DATA 


Nacelle 

data 
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Figure 1.- Model installed in the Ames 11- by 11-Foot Wind Tunnel. 
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(b) Nacelle support system. 
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Figure 3.- Wing pressure instrumentation. 
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Figure 4.- Nacelle geometries. 
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Figure 6.- Nacelle flow-through balance. 









Figure 8.- Nacelle position relative to wing-body model. 
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Figure 9*“ Continued. 





Figure 10.- Interference of downstream nacelle on upstream nacelle 
configuration Ni, a. = 0°, = 0.23, Yq = 0.60, maximum m/m c . 
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Figure 11.- Interference of nacelle support system on the wing-body; 
configuration WB, a = 0°. y! = 0.25, y' = 0.55, maximum m/m~. 


(a) = 1.40 


Figure 12 . - Interference of nacelle support system on the long 
tudinal characteristics of the wing-body; configuration WB, 
y! = 0 . 25 , y' = O. 55 , maximum m/m c . 





















OOU)lA^ 

S o oom&i 

\ O ON CO C— 

g • * • • 

H O O O 

ODO< 
















ft 


III 






o 

O -=j- 
VD K 


Figure 17- - Isolated nacelle surface pressure distributions; nacelle 
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Figure 17*- Continued. 
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Figure 21.- Nacelle -nacelle interference drag; configuration NiNi, a 

yl = 0.25, y l = 0.55, maximum m/mQ,. 
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Figure 22.- Interference drag on individual nacelles; configuration N 1 N 1 
a = 0° , yj = 0 . 25 , yo = 0.55, maximum m/mc. 
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(b) Outboard nacelle, Cp^. at 0 =0° and 90 


Figure 2b.- Continued. 























Figure 25.- Nacelle interference pressure distributions; configuration 
N 1 N 1 , d = 0°, AX/Rc = 9*^1, yj = 0-25, y~o = 0*55, maximum m/m c . 
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(a) Moo = 1.40 

Figure 29-- Correlation of nacelle -nacelle interference drag; configuration 

NiNx, a = 0°, maximum m/m c . 
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Figure 32.- Comparison between predicted and measured average nacelle -nacelle interference pressure 
distributions; configuration N x Ni, Moo = l.^O, a, = 0°, yd = 0.30, y^ = 0.50, maximum m/n^. 
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Figure 32 . - Concluded 
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Figure 3^*- Mass-flow ratio effects on nacelle -nacelle interference drag; 
configuration NiNj., a = 0°, y| = 0 . 25 , Yq = 0.55* 
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(a) Xi = X Q = 142.2 cm (5 6 in.) i 

Figure 36.- Longitudinal aerodynamic characteristics; configuration 
WBNiNi, Moo = 1.15# yj = 0.25, y^ = 0.55, maximum m/mQ. 
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(b) Xj_ = X Q = 121.9 cm (48 in.) 
Figure 36.- Concluded. 
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Figure 37- - Longitudinal aerodynamic characteristics; configuration WBN 1 N 1 , 
Moo = 0.90, y! = 0.25. y' = 0.55, Xi = X n = 142.2 cm (56 in.), maximum 
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(b) Interference lift. 

Figure 38.- Continued. 
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(c) Interference pitching moment. 
Figure 38.- Concluded. 
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(b) Interference lift. 


Figure 39 • - Continued. 
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Figure 40.- Interference drag, lift and pitching moment; configuration 
WBNjNi, Hx. = 0 . 90 , a = 0°, y^ = 0.25, y^ = 0*55, maximum m/roc . 
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X-inboard nacelle lip, cm (in.) 


(a) Inteference drag. 

Figure 4l. - Interference forces on individual nacelle pairs, config- 
uration WBN 1 N 1 , M^j = 1.40, a = 0°, y! = 0.25, y^ = 0.'55, maximum 
m/mc . 
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(b) Interference lift. 
Figure 4l.- Continued. 
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□ Experimental results 

Equivalent body with image nacelles 

Equivalent body without image nacelles 
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Figure 44.- Comparison between measured and predicted interference 
drag; configuration WBNiNi, a = 0°, yJ = 0.25, y^ = O.55 
maximum m/m c . 
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(a) Interference drag. 

Figure 45-- Comparison between measured and predicted interference 
forces on the wing-body combination; configuration WBNi,Ni, 

Mqo = 1-40, a = 0°, yJ = 0.25, y^ = 0.55, maximum m/mQ. 
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X-inboard nacelle lip, cm (in.) 
(b) Interference lift. 
Figure 45.- Continued. 
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Figure 46.- Effects of spanwise nacelle position on interference 
drag, lift, and pitching moment; configuration WBNiNi, a = 0° 
AK/R c = 0, maximum m/nic. 
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Figure 46.- Concluded. 
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X-inboard nacelle lip, cm (in.) 


(a) ^ = 1.40 

Figure 47-- Effects of nacelle contours on interference drag, 
lift, and pitching moment; a =0°, yd = 0.25, y^ = 0.55, 
£X/R C = 0, maximum m/m c . 
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Figure 47.- Concluded. 
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Figure 50*- Comparison between measured and predicted lower wing surface 


interference pressure distributions; configuration WBNxNi, = 1.40, 
y-l = 0.25, yl = 0.55, Xi = Xo = 142.2 cm (56 in.). 
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Figure 51 •- Nacelle interference press 
WBNiNi, Hx) = 1.40, y! = 0.25, yi = 0. 



tboard nacelles. 


e distributions; configuration 
, Xi = X Q - 142.2 cm (56 in.). 
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Figure 52.- Comparison between measured and predicted lower wing surface 
interference pressure distributions; configuration WBNiNi, Moo = 1.40, 
y! = 0.25, yi = 0.55, X*. = X Q = 121.9 cm (48 in.). 
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Figure 54.- Comparison between measured and predicted lower wing surface inter 
ference pressure distributions; configuration WBNiNj, M = 1.40, a = 0.32° 
y ' = 0.25, y ' = 0.55, X i = 121.9 cm (48 in.), X q = 132?1 cm (52 in.). 
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(46) (50) (54) ( 58 ) ( 62 ) 

X, cm ( in. ) 

Figure 55-- Comparison between measured and predicted lower wing surface 
interference pressure distributions; configuration WBNiNi, Moo = 1.40, 
a = 0.02% y : = 0.25, y' = 0.55, X ± = 121.9 cm (48 in.), X Q = 142.2 
cm (56 in .). 1 ° " 
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X, cm ( in . ) 

Figure 56.- Lower wing surface interference pressure distributions for 
various spanwise nacelle positions; configuration WBN 1 N 1 , = 1.40 
Xi = X 0 = 121.9 cm (48 in.). 
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(a) Cp-j., inboard and outboard nacelles. 

Figure 57-- Nacelle interference pressure distributions for various 
spanwise nacelle positions; configuration WBNiNi, Moo = 1.40, 

Xj_ = X Q = 121.9 cm (48 in.). 
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Figure 58.- Lower wing surface interference pressure distributions at two 
lie ma 
= 0.55 


nacelle mass flow ratios; configuration WBNiNj, M = 1.40, y.. ' - 0.25 

y ' - 
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Figure 6l.- Lower wing surface interference pressure distributions; config 
uration WBNiN x , Moo = 1.15, y.' = 0.25, y^ = 0.55, Xj_ = X Q = 121.9 cm 
(48 in.). 
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Figure 63 .- Lower wing surface interference pressure distributions 
configuration WBN3.N1, Mco = 1.15, y| = 0.25, y^ = 0.55, 

Xi = 121.9 cm (48 in.), X Q = 132.1 cm (52 in.). 
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Figure 64.- Lower wing surface interference pressure distributions 
configuration WBNjNi, Moo = 1.15, y.' = 0 . 25 , y^ = 0.55, 

Xi = 121.9 cm (48 in.), X Q = 142.2 cm (5 6 in.). 
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Figure 65.- Lower wing surface interference pressure distributions for 
various spanwise nacelle positions; configuration WBWiNi- 1 L = 1.15 
Xi = X 0 = 121.9 cm (48 in.). 
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Figure 66.- Na.celle interference pr 
spanwise na.celle positions; conf 
Xi = Xq = 1.21.9 cm (48 in.). 
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(a) X. = X = 142.2 cm (56 in.) 

v t n 


Figure 67.- Lower wing surface interference pressure distributions at two 
nacelle mass flow ratios; configuration WBNjNi, = 1.15, - 0.25 

55 . 
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Figure 68.- Lower wing surface interference pressure distributions; configu- 
ration WBNiNi, Moo = 0.90, y! = 0.25, y’ = 0*55, = X Q = 142.2 cm 

(56 in.). 1 O'" 
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Figure 72 .- Lower wing surface interference pressure distribution at two 
nacelle mass flow ratios ; configuration WBN 1 N 1 , Moo = 0 . 90 , yj = 0 . 25 , 

= 0.55/ Xi = X Q = 142.2 cm (56 in.). 
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